ABSTRACT: The morphology of sphere-forming block copolymers 8 assembled in thin films on patterned surfaces is theoretically analyzed.
INTRODUCTION
20 Supramolecular structures of nanometric size are of great 21 interest due to potential applications in nanotechnology, which 22 range from nanopatterned surfaces, nanocrystals with exotic 23 optoelectronic properties, to functional foods and pharmaco-24 logical products.
1−3 The main technological problem is to 25 achieve the control and reliability of the final product when 26 traditional manufacturing processes cannot be downscaled to 27 the nanometric size. Hence, physical systems that sponta-28 neously form supramolecular assemblies under appropriate 29 conditions are so important, as far as they can be externally 30 controlled to produce the desired target structure. 4 Block 31 copolymers (BCP) are one of these valuable materials because 32 of their ability to self-assemble into different nanostructures.
5−9 33
In this article we address the problem of how external effects, 34 like the presence of a chemical mask on a surface, affects the 35 two-and three-dimensional structure of thin films of sphere 36 forming BCP. This question was experimentally analyzed by 37 Park et al., 10 showing some interesting aspects of the self-38 organization of BCP in the presence of a structured wall. Here 39 we apply cell dynamics simulation (CDS) to widen the range of 40 conditions experimentally analyzed and, more importantly, to 41 infer the relationship between the aforementioned external 42 constraints and the particular features of the structures 43 obtained. We find that the surface pattern allows to selectively 44 produce nonbulk types of structures in BCP films.
formation is externally led to achieve the sought long 
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226
(2) 227 The chemical potential can be expressed as a functional 228 derivative of the free energy functional
230 Hence, the CHC equation is obtained as
232 where M is a phenomenological mobility constant taken as M = 233 1. This choice sets the time scale for the diffusive processes (the 234 dimensionless time is tM/a 0 2 , where the lattice cell spacing a 0 is 235 taken as the unit of length). The dynamics of eq 4 is consistent 236 with the mean-field theory and would correspond to a situation 237 In CDS, the commonly used expression for the order 243 parameter Ψ(r,t) in terms of the A and B comonomer volume 244 fractions, ϕ A and ϕ B , respectively, is 68,69
(5) 246 where f = N A /(N A + N B ) stands for the number fraction of A 247 monomers per chain. The order parameter is then the 248 difference between the local volume fraction of both 249 monomers, plus a constant such that the integral of Ψ(r,t) 250 over the entire volume of the system is 0 by construction. For 251 symmetric copolymers, f = 1/2, the constant vanishes.
252
The necessary condition of equilibrium is given by The expression used in the current analysis is given by 68,86 
272 can be expressed in terms of physical parameters as 
309 where n is an integer and h i is the strength of the interaction 310 between the walls and the respective i segments. Moreover, w is 311 the width of an individual stripe, and δ ab is the Kronecker delta. 312 The pattern on the lower surface thus corresponds to long 313 stripes parallel to the y-direction. Notice that ϕ i can be 314 expressed in terms of the order parameter Ψ, i.e., ϕ A = f + Ψ/2 315 and ϕ B = 1 − f − Ψ/2.
316
Numerical Cell Dynamics Simulation. The numerical 317 scheme introduced to implement the dynamic model described 318 so far is based on the definition of the fields in a cubic lattice, 319 together with an appropriate discretization of the Laplacian in 320 eq 4. 89 We propose The function Γ is defined as 
(1 2 ) 
357 Accordingly, the dynamic equation (15) can be written as 
RESULTS AND DISCUSSION

380
Model System. In this study we consider a sphere-forming We have considered systems of lateral size L x = L y = 120 ≃ 413 11d with different thicknesses L z ranging from 6 to 56 grid 414 spacings (from 0.5d to 5d, approximately). In every case, three 415 different band periodicities of L S = 8, 10, and 12 are studied. 416 These values guarantee that L S is commensurate with L x , so 417 that L x /L S is an integer, to comply with the periodic boundary 418 conditions. In the experimental work of Park et al. The equilibrium structures have been computationally 426 determined by the dynamic evolution of the CDS. The 427 simulation starts from an homogeneous state on which we have 428 superimposed a random perturbation to the order parameter 429 field Ψ = ±0.5 at every grid point. The deterministic dynamics 430 We employ a second dynamic procedure based on annealing. 
546
From Figure 6a we observe that two layers of semispheres 547 are formed attached to both the upper and lower surfaces. 548 These semispheres have a tendency to arrange in squares 549 although the figure does not show a clear long-range order. 550 This configuration, however, may not correspond to an 551 equilibrium system. The defects are a signature of a rather 552 degenerated free-energy landscape, since the model we use 553 does not account for thermal fluctuations. The explicit 554 consideration of the noise in this kind of situation could 555 significantly change the phase diagram and the nature of the 556 order−disorder transitions. 69,95,96 Figure 6b shows a system 4 557 times the size of the one of Figure 6a , after the same evolution 558 time and from analogous initial conditions. While isolated 559 dislocations are visible in the smaller system, the larger system 560 shows also grain boundaries which become observable due to 561 the less stringent effect of PBC in the long-range order for the 562 bigger box.
563
It may seem surprising that the dominating structure is 564 square instead of hexagonal, since hard walls tend to favor 565 compact arrangements of hard spheres at their immediate 566 vicinity. However, one should bear in mind that the slit 567 thickness L z is smaller than ≃ d 2/3 9, which is the distance 568 between layers of spheres in hexagonal packing. Hence, the 569 system chooses to form a square structure that permits the two 570 layers of spheres to interpenetrate with regularity, in a way that 571 a compact hexagonal phase cannot. Notice that the distance 572 between (100) planes of a BCC, whose distance between the 573 central sphere and one at the vertex of the cell is approximately 574 d, is of the order of ≃ d/ 3 6.3, which is smaller than the 575 actual L z = 8. Therefore, the square structure is the result of the 
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Article 614 periodicity of the stripes, namely L S ≃ L 0 , according to Figure 1 . 615 In Figure 7b we observe that in the upper layer an expected 616 regular hexagonal pattern of spherical caps lying in the valley 617 between half-cylinders appears. Finally, the case L S = 12 > L 0 618 yields a regular structure with the spherical caps of the upper 619 surface also lying in the corresponding valleys. However, the 620 structure is forced to comply with the periodicity imposed by 621 the stripes in the x-direction. The structure is then slightly 622 stretched yielding a distance between half-spheres belonging to 623 parallel rows approximately
. In turn, 624 the distance between spheres in the same row is slightly smaller 625 than d, and no surface reconstruction occur. The resulting 626 structure is then similar to the hexagonal, as seen in Figure 7c . 627 In Figure 7d −f we show for every case the obtained Euclidean 628 distances (cf. Supporting Information) from the local environ-629 ments of each spherical domain to the one corresponding to a 630 2-D HEX pattern. For a perfect hexagonal ordering, this 631 distance would be 0. For the three systems under scrutiny we 632 find that for L S = 8 only some spherical domains are 633 surrounded by a clear hexagonal pattern; for L S = 10, Figure  634 7e indicates that the 2-D HEX structure is indeed dominant, 635 except for a few defects; finally, when L S = 12, the system shows 636 a clear deviation from a hexagonal symmetry, although it is not 637 evident to the eye. We have further checked, for this latter L S = 638 12 system, that the Euclidean distance to a (110) plane of a 639 BCC pattern is larger than to the 2-D HEX. Hence, the new 640 structure cannot be considered as a precursor of a bulk BCC.
641
The next case studied is L z = 10 ≃ 0.9d. First, the system L S The first case L S = 8 < L 0 produces complete tangent spheres 700 locally ordered in hexagonal arrangements in addition of the 701 half-cylinders formed on the lower hard wall, according to f12 702 Figure 12a . Some of the domains in the upper layer, however, 703 are deformed into structures that vaguely resemble eggplants, 704 due to the aforementioned frustration. The overall behavior is 705 very similar to the previously studied case L z = 10 for the same 706 band periodicity. We observe here again surface reconstruction 707 with lost of long-range order in larger systems (not shown). 708 Hence, bands cannot guide the assembly of the upper layer of 709 spheres. However, it is remarkable that the system shows a body- 
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